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With the advent of jet power there has been much concern in this country
and abroad regarding possible harmful effects of high intensity air-borne sounds
on personnel working around jet aircraft or in similar industrial noise environ-
ments. Since most of the work to date has dealt with auditory stimulation and
acoustic trauma it was desirable to examine the extent to which sonic energy
may affect an organism independent of its action upon the ear.
In this connection, there have been several reports on the induction of hy-
perthermia in rats and mice using high energy air-borne sound (1, 2, 3, 4). These
experiments have shown that, when sound is absorbed by the skin or fur, it is
rapidly converted into heat energy. With continued exposure there is a rapid
rise in temperature, a general overheating of the animal and death. In his
studies, Frings postulated that heat damage may he accompanied by mechani-
cal injury which is over shadowed by the thermal effects (1, 2). Since the possi-
bility could not be discounted that subtle or cumulative changes are effected by
the direct action of sound waves, it was desirable to analyze injurious effects of
high energy air-borne sound independent of heating.
Previous studies have shown that heating occurs more rapidly in furred than
in hairless animals because of the absorption and damping of the sound waves
in the air spaces between the hairs (1). Homozygous recessive hairless mice were
therefore chosen for this work. This permitted the use of sound intensities above
140 db without heating the animals and obviated the necessity for depilation
which might result in irritation and minor injury to the skin surface.
The main purpose of the present study was to determine if high intensity
sound, below thermogenic levels, causes any appreciable tissue injury or cyto-
chemical changes in the skin of hairless mice. A secondary objective was to
investigate the integnmentary changes following local abdominal irradiation
with moderate and intense thermal sound levels.
MATERIALS AND METHODS
The sound source used in our experiments was the high-powered air siren
built by Allen and Rudnick (5). During sonic treatment, the frequency and pres-
sure of the sound incident on the skin at the site of exposure was measured with
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FIG. 1. Brass mouse container (A) shown mounted on copper metal sheet above air siren.
Also shown is the thermocouple (B) normally inserted in rectum of mouse and the probe
microphone (C) used to measure sound field and the path of sound (D) irradiating ventral
abdomen of the mouse.
a calibrated probe microphone using a Benham analyzer and a Hewlett-Packard
voltmeter (Figure 1).
During each experiment, hairless mice were placed in a specially designed
mouse container (Figure 2). This protected the ears from acoustic trauma and
shielded the body surface from sound. A specified abdominal skin area was ex-
posed daily through a small hole (0.5 in. diameter). The brass container was
lined with foam rubber to minimize bodily injury and mounted on a large copper
plate which helped to shield the mouse from sonic radiations. Mice exposed to
thermogenic sound levels were anaesthesized with Nembutal prior to treatment.
Skin thermocouples attached to a thermograph recorded the temperatures of
both sound-heated and shielded areas.
A total of 50 hairless mice, approximately 2 months of age, were divided into
four experimental groups. The terms subthermal (non-thermogenic) and thermal
(thermogenic) are defined in the following with specific reference to the skin of
hairless mice. Subthermal sound levels are those causing no detectable rise in
skin temperature; moderate thermal are those causing about 100 C. rise and
intense thermal those causing an increase of approximately 20° C.
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A. Subthermal Sound Groups (18 kc. 150 db). Abdominal skin areas of 18 mice
were exposed to non-thermogenic levels of high intensity sound 10 minutes
daily for 4, 8 and 12 week intervals. Six mice were autopsied at the end of each
successive 4 week period and skin samples taken from the exposed and adjacent
shielded areas of the abdomen for comparative cytological study. Normal skin
temperatures (25—30° C.) did not increase during treatment.
B. Moderate Thermogenic Sound Group (20 he. 160 db). Abdominal skin areas
of eight mice were exposed to high energy sound of sufficient intensity to bring
about a transient hyperemia of the integument. Skin temperatures were raised
from 25—30° C. to approximately 42° C.
C. Intense Thermogenic Sound Group (20 kc. 168 db). Abdominal skin areas of
nine mice were exposed to very high intensity sound for 10—20 minutes with
moderate to severe burns produced. Skin temperatures were raised to about
60° C.
D. Control Group (no sound). Six mice were subjected to the same experimental
conditions as mice in Group A but were not exposed to sound. Two control
mice were autopsied at successive 4 week periods.
Skin samples were fixed in alcoholic-formol-acetic fixative for routine hem-
atoxylin-eosin preparation and glycogen stains, in cold acetone for alkaline
phosphatase and in 10 % neutral formalin for lipid studies. The technics em-
ployed include: (a) Best's Carmine and Periodic acid-Schiff reactions for glyco-
gen, (b) Gomori's revised method for alkaline phosphatase (7), (c) Propylene-
glycol-Sudan (IV and B) method for lipids using frozen sections (8) and (d)
untreated frozen sections studied under polarized light for birefringence and
ultraviolet light for autofluorescence.
GENERAL FEATURES OF THE INTEGUMENT
Hairless mice initially acquire a normal coat of hair which they begin to lose at about 2
weeks of age. Epilation is usually completed by the 18th or 20th day. After the third week
these mice are permanently naked except for the growth of a few hairs on the dorsum. A de-
tailed description of the genetic background of hairlessness can be found in earlier papers
by David (9) and by Fraser (10). Mice used in the present study were 7—9 weeks of age at the
onset of sound treatment and approximately 3—5 months old at autopsy, depending upon
the length of treatment.
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FIG. 2. Diagram of brass mouse container, partly open with mouse in position
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Before coosidering skin effects following sonic radiation it is necessary to review briefly
the normal skin picture of untreated mice, because certain histologic features of the normal
integument will be pertinent to our later discussion. The epidermis of the abdomen is fairly
thin, ranging from 3—6 cells in thickness. The stratum germinativum is composed of well de-
fined cells containing large, oval, vesicular nuclei. The stratum granulosum, having cells
with round nuclei, is usually poorly developed or absent. In its place, there is often a mod-
erate vacuolation present similar in character to that described in the skin of young rats
(11). The stratum corneum is of variable thickness, composed of compressed cells with
flattened nuclei. This layer increases in width in older mice due to the greater tendency for
desquamation of the cornified keratin lamellae.
The homozygous recessive gene factor (hr/hr) of hairless mice exerts its most pronounced
effects on the epidermal derivatives found in the dermal stratum of the integument. Among
the abnormalities which result are the following: (1) loss of hair with abnormal, disoriented
growth of follicles, and follicular keratosis, (2) hyperplasia of epidermal rests, (3) hyper-
plasia of sebaceous cells and (4) development of small sebaceous as well as larger corneal
cysts in the dermis. Older cysts are characterized by a larger size, a greater cornification of
the peripheral cells and a marked decrease or absence of sebaceous glands normally associ-
iated with them. An excellent paper on the formation of cysts in hairless mice at different
ages has recently been published by Montagna et al. (12). On the basis of their observations,
Montagna and associates concluded that a sebaceous transformation of epithelial cells pre-
cedes degenerative changes and cyst formation.
Aside from the lack of hair, the additional feature of hyperplasticity makes the integu-
ment of the hairless mouse a suitable choice for demonstration of sonic injury. That a high
degree of hyperplastic activity occurs iu sebaceous and epidermal cord cells is evident from
the large numbers of mitotic figures present. There is considerable evidence in the literature
indicating a greater susceptibility of rapidly multiplying cells to various types of physical,
chemical or radiation injury.
EXPERIMENTAL OBSERVATIONS
Although preliminary tests showed an absence of gross pathology in sub-
thermal sound-treated mice, it was desirable to determine if subtle skin changes
were effected by sound. Three cytochemical technics were chosen on the basis of
their specificity for substances known to be present in normal skin. By analysis
of the content and distribution of lipids, glycogen and alkaline phosphatase,
possible disturbances in metabolism of these substances could be detected at the
cellular level.
Sudanophilia. Frozen sections were stained with Sudan IV and Sudan Black.
Control sections were stained with Sudan IV following extraction in acetone.
These fat-soluble dyes are employed routinely for the demonstration of neutral
fats. Propylene glycol was nsed as a solvent since there is less extraction of finer
lipid particles than with the usual alcoholic solvents (6).
The content and distribution of lipids were unaffected by subthermal sonic
treatment of the abdominal skin. Even after 4, 8 and 12 week periods of exposure
the sudanophilia of experimental mice was comparable to that found in controls.
The normal distribution of lipids can be summarized as follows.
Sudanophilia in the thin epidermis is limited to a sparse scattering of fine
perinuclear granules in the stratum cornenm with a tendency toward a greater
concentration in the stratum germinativnm. Since these granules are acetone
resistant, they are probably of a lipoprotein nature. Most of the lipoidal material
in the skin, however, is concentrated in the mature sebaceous glands and in
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lumina of sehaccous and corneal cysts. Sebaceous glands are normally found in
varying stages of degeneration which can be arbitrarily divided into four phases:
(1) hyperplasia, (2) degeneration, (3) cyst formation and (4) cyst enlargement.
Mature sebaceous acini are characterized by the presence of many actively
dividing cells filled with homogeneous lipid droplets. The distended gland ducts
are either open to the surface or show moderate occlusion by the keratinized
corneum. Initial cystic formation apparently occurs due to hyperplasia of se-
baceous cells which force their way into the duct lumen. Following hyperplastic
development, the basal cells of the sebaceous acini begin to show degenerative
changes—loss of distinct cell boundaries and coalescence of lipid granules into
large sudanophilic droplets. The basal duct becomes more distended and is filled
with a dark staining plug. Definitive cyst formation occurs when the occluded
duct loses its connection with the surface. The cystic lumen at this time is filled
with a homogeneous sudanophilic concretion. Enlargement of the cyst takes
place as more lipoidal material is accumulated in the lumen. This apparently
results from the hyperplastic activity of sebaceous rests frequently found at-
tached to the cyst wall (Figure 3). A similar sequence of events occurs in the
stranded hair germ and epidermal rests of the dermis. There is a hyperplastie
invasion of the follicle rests by sebaceous cells followed by sebaceous dissolution
and cyst formation. No evidence was obtained which indicated that subthermal
sound treatment affected the normal distribution or activity of the cellular
elements in any way.
On the other hand, the lipid content of the integument following exposure to
moderate and intense thermogenic levels tended to be decreased in proportion
to the degree of heating. In three animals, a transient erythema occurred which
disappeared before autopsy the following day. The histologic picture of lipids
was comparable to that found in control and subthermal groups. In six other
mice which had a persistent erythema one day following thermal sound treat-
ment, there was an apparent decrease in the number of normal sebaceous cells
lining the periphery of the acini as well as a decrease in the size of the sebaceous
and corneal cysts (Figure 4). As a result of thermal dissolution of the lipoidal
material, there was a shrinkage and obliteration of sebaceous duct openings and
consequently a relative increase in the number of small sebaceous cysts in the
peripheral dermis. Further changes included deeper staining of the dermal vessels
associated with their dilatation.
High thermogenic sound levels caused an intense erythema, local tissue edema
and occasionally vesiculation. With prolonged exposure this was followed by
dry necrosis and eschar formation. With sOnic burns there was always a marked
depletion of lipids associated with the striking diminution in size and number of
cystic elements. In severe burns, the dermal elements were oblitereated and re-
placed by an ischemic mass of hypertrophied collagenous material and coagulated
protein (Compared figures 5 and 6). When the skin temperatures were raised to
600 C. the exudate resulting from cystic dissolution no longer had any affinity for
Sudan stains.
Only moderate sebaceous heat dissolution occurred at the shielded marginal
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PLATE I
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burn area with no detectable pathology or lipid depletion a distance of 1 cm.
from the site of exposure. This sharp line of demarcation, obtained even in 4th
degree burns affecting deep skeletal muscle layers, suggests that lateral heat
diffusion does not occur to any appreciable extent.
Glycogen and PAS Reactive Substances: The histochemical technics used for
skin glycogen analysis included the Periodic acid-Schiff (PAS) reaction (13) and
Best's carmine (7). Diastase-treated control sections were run simultaneously.
Further checks on the efficacy of the methods were made by staining liver sec-
tions.
Best's carmine stains glycogen deep red. It was found to be more suitable for
the demonstration of glycogen than PAS. With PAS, not only glycogen but
neutral polysaccharides, glycoproteins and lipid components give a positive
reaction staining purplish red to pink.
Subthermal sonic radiation for 4, 8 and 12 week periods had no observable
effect on the content and distribution of glycogen or other PAS reactive sub-
stances in the skin.
Normally, there is no demonstrable glycogen in the surface epidermis of
hairless mice. Keratin of the exfoliated corneum and the melanin granules of the
basal germinativum are Schiff and carmine reactive but diastase resistant. A
similar reaction is obtained with the keratin flakes of epithelial pearls and
epidermoid cysts. PAS reactive substances, resistant to diastase digestion, can
be found in almost all of the cellular elements of the dermis with the exception of
the sebaceous glands. These substances appear as deep cytoplasmic staining of
the collagenous fibers and they occur as discrete granules in cells of follicle rests,
in cells lining epidermoid cysts and in non-sebaceous cells of sebaceous acini.
Some Schiff reactive, diastase-resistant residue is also found in the lumina of
large cornea! cysts after alcoholic extraction of the cystic mass of lipoidal ma-
terial. Of the epidermal derivatives found in the corium, only the cells of hair
follicles and epidermal cord cells contain small amounts of diastase-labile,
glycogen granules.
PLATE I
FIG. 3. Corneal cyst (a) with hyperplasia of sebaceous cells (b) at the left of cyst. Note
the unstained cord of proliferating epidermal cells (c) directly above the cyst. Frozen sec-
tion of skin of control mouse four months old, stained with Sudan Black. X430
FIG. 4. Skin from mouse treated with moderate thermal sound. Observe the shrinkage of
sebaceous cysts (a) in upper dermis and initial dissolution of corneal cysts in the lower
dermis associated with a dilatation of blood vessels (b) in this region. The characteristic
disorientation of follicles (c) is shown in this section. Sudan Black. X200
FIG. 5. Skin of control mouse showing epidermal "pearl" (a) and cyst (h) containing
lamellated keratin flakes. Imperfect follicle shown to the left with sebaceous-cell rest under-
neath (c) Hematoxylin-eosin preparation. X430
FIG. 6. Skin sample from mouse burned with intense sound. Autopsied on following day.
Note coagulation of connective tissue (a) and disappearance of glandular elements in upper
dermis, as well as cystic dissolution. Observe also the lymphocytic infiltration (b) in lower
dermis. Hematoxylin-eosin. X200
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PLATE II
FIG. 7. Alkaline phosphatase distribution in skin sample from control mouse. Present in
abundance in sebaceous cells (a) in epidermal cord cell and cells lining cysts (b). Gomori
technique. X200
Fig. 5. Moderate thermalsound treated skin sample. Mouse was autopsied immediately
following treatment. There is almost a complete disappearance of alkaline phosphatase
activity. Gomori X200
FIG. 9. Skin sample of mouse locally burned with intense sound antopsied one day later.
Enzymatic activity is present in the fibrocytes of the dermis (a) and in epidermal cells
lining cysts and disoriented folicles. Gomori X200
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Results of moderate and intense thermogenic sound treatment can be sum-
marized as follows. There was no direct effect of sound on glycogen storage even
at thermal levels. In severely burned skin, glycogen still remained in the cells
lining the few epidermoid cysts which were undamaged by heating. Schiff-reac--
tive, diastase-resistant material was not thermolabile. It is generally found
localized at the apex of cells. Glycogen granules are more frequently found in the
periphery of nests or in the basal cells lining epidermoid cysts. As mentioned in
the previous section, severe burns were followed by cyst obliteration, heat
coagulation and collagen hypertrophy. The denatured collagen mass was found
to stain deep red with carmine and was resistant to diastase digestion.
The absence of collagenous hypertrophy and failure to obtain increased stain-
ing of connective tissue or other evidences of heat damage in skin areas lateral
to the exposure site supported above observations that there is minimal lateral
heat diffusion.
Alkaline Phosphatase. Gomori's revised method, with pretreatment of skin
sections in 0.1 M citrate buffer to remove Ca salts, was used to demonstrate
alkaline phosphatase activity. Tissues containing alkaline phosphatase are
stained black or brownish black. This enzyme is involved in the regulation of
cellular metabolism.
Except for sebaceous glands which give a strong positive response, only mod-
derate alkaline phosphatase activity was detected in various dermal and epi-
dermal elements of control and subthermal sonic treated hairless mice. The nuclei
of cells lining capillary walls, of epidermal cord cells as well as the nuclei of cells
lining corneal cysts were positive for alkaline phosphatase. Stronger enzymatic
activity occurred in the dividing cells of germinal papillae and in follicle sheath
cells. Sebaceous glands gave a very strong response in the nuclei with a weaker
cytoplasmic reaction. No differences were observed in the enzymatic activity of
subthermal sound treated mice as compared to untreated controls.
Mice killed immediately following moderate thermal sound exposure, i.e. with
the production of erythema, showed no alkaline phosphatase activity in the
sebaceous glands, follicles or other epidermal elements. Mice killed on day
following sound induced erythema showed restoration of enzymatic activity in
the follicle and most epidermal cells but not in sebaceous cells. One mouse heated
to only 39° C. showed recovery of alkaline phosphatase activity in all cells in-
cluding the sehaceous after 24 hours. Evidently the enzyme itself is thermolabile
but is still produced by undamaged tissue as evidenced by the reappearance of
alkaline phosphatase activity during recovery. There is evidence in the literature
that temperature of 40—46° C. are followed by an increased output of alkaline
phosphatase, esterase and proteolytic enzyme—indicating that this is a critical
level for heat injury of some tissues.
The skin pictures of six mice autopsied within six hours after severe sonic
burning were essentially negative. In 24 hours there occurred a strong enzymatic
response in the fibroblasts, follicles and epidermal elements not destroyed by
heat. Alkaline phosphatase depletion was not evidenced in skin samples taken
from shielded regions of the abdomen.
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DISCUSSION
The above data show that topical irradiation of the skin of hairless mice with
high energy subthermal levels of sound produces no observable detrimental
effects on the integument. The evidence also indicates that all of the pathologic
changes elicited by higher sound levels of near-ultrasonic frequencies appear to be
directly dependent on the conversion of sound energy to heat energy.
In none of our experiments was tissue damage obtained which could be attrib-
uted to traumatic or mechanical injury. This is not too surprising, however,
since the acoustic impedance ratio of air to skin is very high. The sound intensity
and particle velocity in the skin would therefore be very small. Pressurewise, the
sound intensity levels used in our experiments, though high for air, do not even
approach 1 atmosphere in the skin. Consequently, phenomena such as cavitation
and cytolysis described in liquid-borne ultrasonics (where pressures of one atmos-
phere can easily be obtained) are absent. Since sound waves do not produce
ionizations except with intense cavitation production, radiation damage of
nuclei does not occur.
Apart from the induction of mechanical injury, the possibility remains that
sound may in some manner, perhaps through sensory irritation, produce subtle
or delayed changes in the normal metabolic processes at the cellular level. In
humans the non-auditory perception threshold is about 120 dh; 140 db on the
other hand, is considered the average pain threshold for the unprotected ear
(15). With respect to the skin tactile threshold, it is generally believed that
skin sensations begin at much lower intensities (16). Although specialized recep-
tors such as the Paccinian corpuscles are not found in the mouse skin, the action
of sound as a possible damaging agent could not be discounted. For this reason,
cytochemical studies of the lipid, glycogen and alkaline phosphatase of sonic
treated skin samples were made. Our results clearly indicate that prolonged
sound stimulation (at intensities which might be considered as close to the
sensory skin perception threshold) has no effect on the cytochemical composi-
tion of the skin.
Thermogenic sonic irradiation produced skin effects which were in complete
accord with the type of inflammatory response known to occur in ordinary burns
of the skin (17). The intensity of the inflammatory response following high
energy sound exposure has been previously shown to be dependent upon the
sound frequency, sound intensity and duration of exposure (4). An interesting
and important aspect of the present studies concerns the localized action of
intense thermogenic sound on the epidermis and subj acent tissues which are in
the peak of the sound field.
The sharp margins and deep penetration of intense sonic burns are similar to
results reported by Pearse in a study of flash burns on pig skin (18). Pearse
states that with rapid heat injury there is no time for reflex dilatation and
consequently little lateral diffusion of heat occurs. He further states that rapid
heat injury prevents cooling at the dermis-fat interface, thus permitting deeper
penetration. Intense sonic burns in our experiments were characterized by an
absence of edema, minimal cytological or cytochemical evidence of heat injury
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lateral to exposure site and deep penetration of burns to the underlying muscle
strata.
The changes in skin histology immediately following thermal sonic injury
are: (a) decrease in size and cytolysis of sebaceous glands, sebaceous cysts and
corneal cysts, (b) depletion of the alkaline phosphatase in sebaceous glands and
reduction of enzyme activity in epidermal derivatives, (c) rapid induction of
edema and dry necrosis with very high energy sound and (d) heat coagulation of
the deeper vascular tissue, muscle and collagenous fibers of the dermis in the
more intense burns.
Animals with milder burns involving some cellular degeneration, marked
visible edema and considerable local fluid loss usually survived. Severely burned
mice with superficial necrosis and damage to subcutaneous adipose and muscle
tissue often died, even in the absence of excessive fluid loss. In our experiments,
heat transfer to tissues peripheral to the exposure site and systemic heating did
not appear to be major factors in causing burn shock and death. Other workers
have shown that death can result from local skin burns while the visceral and
systemic temperatures are only raised to about 39—40° C. In the present study
only minimal damage was detected in the areas immediately peripheral to the
exposure site. Although the actual causative mechanism of death in thermal
burns is unknown, local fluid loss, oligemia and possibly neural factors and blood
toxemia are thought to play more important roles in the production of burn
shock and death than systemic heating.
SUMMARY
The results of an investigation of abdominal skin changes in hairless mice
following exposures to subthermal (no rise in skin temperature) and thermal
(increase in skin temperature) levels of high intensity air-borne sound can be
summarized as follows:
1. Subthermal sonic vibrations have no observable effects on the histological
structure or functional activity of the skin. Failure to produce tissue injury or
cytochemical changes in skins irradiated daily for 3 months is evidence that
mechanical effects of sound, at the intensity levels employed, are negligible.
2. Tissue damage produced by very high energy thermogenic sound is primarily
the result of local overheating produced by absorption of sound in the skin. Little
heat transfer occurred in the skin laterally from the site of exposure as evidenced
by the absence of heat damage in glandular and fibrous elements of adjacent
regions.
3. Sound-induced skin erythema is followed by a depletion of skin lipids and
a diminution in size of cystic elements in the integument.
4. In skin burns produced with intense sound, there is an obliteration of
sebaceous and corneal cysts associated with a marked hypertrophy of dermal
collagen.
5. The sequence of histological and cytochemical changes following thermo-
genie sonic irradiation was found to be in complete accord with the response
known to occur following ordinary skin burns.
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